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Available online 26 April 2015AbstractThe receptivity of plane Poiseuille flow to local single-period micro-vibration disturbances with different phases at the top and bottom walls
was investigated through direct numerical simulation of three-dimensional incompressible Navier-Stokes equations. Results show that the
disturbance presents a symmetrical distribution in the spanwise direction when the micro-vibration on the wall ends, and the initial disturbance
velocities and spatial distribution of the disturbance structure are different at the top and bottom walls. The disturbance's velocity, amplitude, and
high- and low-speed streaks increase with time, and the amplitude of streamwise disturbance velocity is larger than those of spanwise and
vertical disturbance velocities. However, no significant Tollmien-Schlichting wave was found in the flow field. The number of disturbance vortex
cores gradually increases with the disturbance area. High-speed disturbance fluid concentrates near the wall and its normal velocity largely
points to the wall, while low-speed disturbance fluid largely deviates from the wall. Furthermore, the streamwise velocity profiles near the top
and bottom walls both become plump because of the existence of the disturbances, and the streamwise velocity profiles show a trend of evolving
into turbulent velocity profiles. The shear stress near the wall increases significantly. The local micro-vibration disturbance on the wall in plane
Poiseuille flow can induce the development of a structure similar to turbulent spots.
© 2015 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Due to the significant influence of laminar-turbulent tran-
sition on heat transfer, mass transfer, momentum transfer, and
wall friction near the wall, a large number of scholars have
focused their research on the laminar-turbulent transition and
control of the boundary layer in recent years. The three pro-
cesses of transition include receptivity, linear disturbance
evolution, and nonlinear evolution. Transition is a complex
process relating to the Reynolds number, wall temperature, theThis work was supported by the National Natural Science Foundation of
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creativecommons.org/licenses/by-nc-nd/4.0/).wall shape, wall roughness, fluid compressibility, the pressure
gradient, external noise, and external disturbance. Various flow
structures are found under various conditions, especially in
channel flow, pipes, and other simple shear flows. Transition at
the initial stage is usually characterized by distortions in the
local flow field caused by local micro-disturbance, and un-
stable high- and low-speed strip areas emerging near the wall,
leading to complex vortices with gradually increasing vortex
intensity downstream. The dynamic characteristics of distur-
bance are similar to those of coherent structures in fully
developed turbulent boundary layers, whereas they are
significantly different from the classical transition process,
which is characterized by Tollmien-Schlichting waves
showing linear growth, nonlinear instability, secondary insta-
bility, and, finally, a three-dimensional nonlinear effect.
Ellingsen and Palm (1975) first put forward a probable
growth mechanism in the sense of a non-natural transition. AsThis is an open access article under the CC BY-NC-ND license (http://
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layer, the streamwise disturbance velocity grows linearly with
time, and high- and low-speed streaks appear in non-viscous
ideal fluid. Landahl (1980) also obtained a similar conclu-
sion that constantly lifting fluid particles with horizontal mo-
mentum in shear flow cause the disturbance of stream velocity,
which means that there is a transient growth mechanism where
non-viscous growth coexists with viscous damping.
Blackwelder (1983) found that vortex dynamics of reverse
streamwise vortices in the turbulent boundary layer and in the
laminar-turbulent transition zone of the boundary layer are
similar and their scales are also similarly represented by the
viscous length. Acarlar and Smith (1987) found that artificial
disturbance near the wall of the laminar boundary layer led to
lateral vortex line deformation and the disturbance developed
into a hairpin vortex. Henningson et al. (1987) investigated the
characteristics of vortex structures in Poiseuille flow and the
boundary layer through numerical methods by designing an
initial local disturbance near the wall. Testing results of the
hot-wire anemometer proved that the vortex structures exist as
one kind of multi-eddy structure. Haidari and Smith (1994)
examined the generation and growth of single hairpin
vortices created by controlled surface fluid injection within a
laminar boundary layer over a range of the Reynolds number.
Rosenfeld et al. (1999) proposed a general model to describe
the evolution of local three-dimensional disturbance, which
showed that the size of disturbance was much smaller than the
characteristic length of the external shear flow. Using this
model, the spanwise vortex was pulled to the outer region due
to the effect of the disturbance jet, and the disturbance
extended in the normal direction, while it was also stretched
by the shear flow of the outer region and re-rotated into the
inner region; these processes promoted the growth and
enlargement of streamwise vortices, which directly caused the
increase of the normal velocity as well as the intensity of
upper jet-flow (Rosenfeld et al., 1999). Andersson et al. (1999)
found that, owing to the effect of viscous dissipation, there
was considerable linear growth in three-dimensional distur-
bance before attenuation. Streamwise vortices can induce
instantaneous maximum growth in space in a non-parallel flat
plate boundary layer. If the amplitude of streaks reaches a
sufficiently large value, secondary instability will occur and
induce the primeval breakdown and transition (Andersson
et al., 1999). Li (2001) experimentally investigated the gen-
eration mechanism of streamwise vortices in the transition
region and examined the physical process, caused by the axial
vortex instability induced by the interaction of the L-vortex
and secondary vortex rings. Svizher and Cohen (2001) used a
continuous injection to generate hairpin vortices in subcritical
plane Poiseuille flow. Zhang and Tang (2006) simulated the
generation and development of turbulent spots with the local
streamwise velocity pulse of fluid as the initial disturbance
near the wall in channel flow, and analyzed the characteristics
of nonlinear evolution of turbulent spots. Lu et al. (2008)
researched the evolutionary mechanisms and characteristics
of the vortex structure stimulated by the local constant wall
velocity pulse during a period of time in the boundary layerwith the pressure gradient. Lee and Wu (2008) presented direct
comparisons of experimental results of transition in wall-
bounded flows obtained by flow visualizations, hot-film mea-
surement, and particle-image velocimetry, along with a brief
mention of relevant theoretical progresses, based on a critical
review of about 120 selected publications. Despite somewhat
different initial disturbance conditions used in experiments,
the flow structures were found to be practically the same.
Although there has been some progress, through experi-
ments and numerical simulations, improving our understand-
ing of the temporal and spatial evolution characteristics of
disturbance in laminar shear flow, further research is needed to
investigate the effect and mechanisms of basic flow defor-
mation on the disturbance growth, as well as the receptivity
problems induced by initial disturbance differences at the
walls in simple shear flow. Currently, wall disturbance is a
common method of investigating receptivity problems such as
the evolution of disturbance and mean flow profile changes in
Poiseuille flow in experiments and numerical calculations. In
this study, local single-period micro-vibrations with opposite
phases were applied to the top and bottom walls in plane
Poiseuille flow.
2. Numerical methods2.1. Governing equations and numerical methodThe governing equations adopted were the incompressible,
non-dimensional Navier-Stokes equations, and continuity
equation:
vu
vt
þ ðU$VÞuþ ðu$VÞUþ ðu$VÞu¼Vp0 þ 1
Re
V2u ð1Þ
V$u¼ 0 ð2Þ
where Re is the Reynolds number; U is the numerical solution
of Poiseuille basic flow, and U ¼ (u0,v0,w0), where u0, v0, and
w0 are the streamwise, vertical, and spanwise velocities,
respectively; u is the three-dimensional disturbance velocity
vector, and u ¼ ðu0; v0;w0Þ, where u0, v0, and w0 are the
streamwise disturbance velocity, vertical disturbance velocity,
and spanwise disturbance velocity, respectively; and p0 is the
three-dimensional disturbance pressure. In this paper
Re ¼ U∞h/y ¼ 5 000, where U∞ is twice the maximum ve-
locity of Poiseuille basic flow, h is 0.5 times the width of the
two-dimensional channel, and y is the kinematic viscosity. The
procedures of direct numerical simulation of Eqs. (1) and (2)
were as follows: the third-order mixed explicit-implicit
scheme was used for time discretization, the Fourier spectral
expansion was used in the spanwise direction, the fifth-order
upwind compact finite difference scheme was used for the
nonlinear terms, the five-point central non-equidistant differ-
ence scheme was used for the Helmholtz equations, the fifth-
order symmetrical compact finite difference scheme was used
for the viscous terms, and the time step was 0.01. The nu-
merical method is described in detail in Lu et al. (2006).
147Wei-dong Cao et al. / Water Science and Engineering 2015, 8(2): 145e1502.2. Computation domain and boundary conditionsOwing to the limitation of the computing capacity, the
computational domain was 0  x  80, 1  y  1, and
4  z  4 in the streamwise, vertical, and spanwise di-
rections, respectively. The numbers of mesh points in the x and
z directions were 400 and 32, respectively, with uniform dis-
tribution. The number of mesh points in the y direction was 80,
with non-uniformly distributed mesh points near the wall
deliberately refined. The node coordinate y( j ) in the y direc-
tion can be expressed as
yðjÞ ¼
8>>><
>>>:
1 tanhð40=39 j=39Þ
tanh 0:5

2ð1 j=40Þ½1 tanhð80=39Þ
tanh 0:5
 1 0 j 40
jyð80 jÞj 40< j 80
ð3Þ
For Poiseuille basic flow, we have u0 ¼ u0( y) ¼ 0.5(1y)2,
v0 ¼ 0, and w0 ¼ 0. Thus, the governing equations can be
simplified as follows:
vu0
vx
þ vv
0
vy
þ vw
0
vz
¼ 0 ð4Þ
8>>>>>>>>>>>>><
>>>>>>>>>>>>>:
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Inflow boundary conditions were x ¼ 0, u ¼ 0, and
vp0/vx ¼ 0. Outflow boundary conditions were x ¼ 80, the
non-reflecting boundary condition, and vp0/vx ¼ 0. Boundary
conditions at the top wall were y ¼ 1, vu/vy ¼ 0, and p0 ¼ 0.
Boundary condition at the bottom wall were y ¼ 1,
vu/vy ¼ 0, and p0 ¼ 0.
To perform approximate simulations of the wall micro-jet
or local forced vibration, initial disturbance was set as a
local single-period micro-vibration on the walls at y ¼ 1 and
y ¼ 1. The mesh deformation was not considered in this study.
The vertical disturbance velocity at mesh points in the circle
region with
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx 10Þ2 þ z2
q
< 1:5, is supposed to be
v0 ¼ 0.007 5(1.5r)sin(2pt/T )/1.5, where r is the distance
from the mesh point to the point (10, 1, 0) at the top wall or thepoint (10, 1, 0) at the bottom wall, T is the vibration period, t
is the time of vibration, T ¼ 20, and t < 20. The amplitude of
the small disturbance velocity is commonly set to be about one
percent of the maximum mean basic flow velocity, and a
relatively small amplitude of the disturbance velocity can lead
to a relatively long period of evolution of the disturbance.
Thus, the amplitude of the disturbance velocity was tested and
set at 0.007 5. As the interior between the top and bottom
walls is the flow region, the actual disturbance phase at the top
wall was opposite to that at the bottom wall in this study. The
computational domain is shown in Fig. 1, where points
(10, 1, 0) and (10, 1, 0) are the centre points of initially
circular disturbance.
3. Results and discussion
The disturbance amplitude is defined as
A¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ju0j2max þ jv0j2max þ jw0j2max
q
ð6Þ
The disturbance amplitude and the maximum absolute
values of three-dimensional disturbance velocities are shown
in Fig. 2.
It can be seen from Fig. 2 that when t < 10, the disturbance
amplitude A gradually increases to 0.02 and approaches the
value of ju0jmax. When 10 < t < 20, the disturbance amplitude
A remains at 0.02. As the disturbance in Poiseuille flow
evolves and develops constantly, the disturbance amplitude A
shows a linear growth trend when 20 < t < 40, and ju0jmax
demonstrates a same growth trend, while jv0jmax and jw0jmax
still remain at a lower level. However, when the disturbance
amplitude is greater than 0.06 and 40 < t < 90, the disturbance
amplitude A shows a nonlinear growth trend and even reaches
the maximum value of Poiseuille basic flow. jv0jmax and jw0jmax
also increase rapidly, to over 0.1, particularly when t > 80,
jw0jmax presents an accelerating growth trend. It can be pre-
dicted that such a large disturbance velocity will cause strong
shear layers and complex vortices, and the velocity profiles of
original Poiseuille basic flow will be greatly modified.
Simulation results show that the absolute values of
streamwise and vertical disturbance velocities on the plane
z ¼ 0 are at their maximum. Fig. 3 shows the distribution of
the streamwise and vertical disturbance velocities on the plane
z ¼ 0. When t ¼ 20, there is an obvious clockwise vortex core
in the disturbance flow field at the point (x ¼ 14.2, y ¼ 0),
which is defined as the original vortex core hereafter, on the
left and right sides of the original vortex core, there is aFig. 1. Computation domain.
Fig. 2. Disturbance amplitude and maximum absolute values of three-
dimensional disturbance velocities.
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disturbance is 10 < x < 18. When t ¼ 40, the original vortex
core moves to the point (x ¼ 18.4, y ¼ 0), two vortex cores
occur on the right side of the original one, while there is still
only one vortex core on its left side, and the main range of the
disturbance is 14 < x < 26. When t ¼ 60, the original vortex
core moves to the point (x ¼ 22.6, y ¼ 0), three vortex cores
are generated on the right side of the original one, while there
is still only one vortex core on its left side, and the main range
of disturbance is 17 < x < 33. When t ¼ 90, the original vortex
core moves to the point (x ¼ 29.4, y ¼ 0), five vortex cores are
generated on the right side of the original one, and two are
generated on its left side, and the main range of disturbance isFig. 3. Streamwise and vertical disturbance ve22 < x < 45. The disturbance vortex core's moving velocity is
about 0.45 times the maximum velocity of Poiseuille basic
flow. Singer (1996) concluded that the streamwise velocity of
turbulent spots at the initial stage in the boundary layer was
0.5 times the maximum velocity of basic flow. When
20 < t < 60, the expansion speed of the main disturbance area
is about 0.4 times the maximum velocity of Poiseuille basic
flow, almost equal to the streamwise expansion speed of tur-
bulent spots in the plane Couette flow simulated by Lundbladh
and Johansson (1991). When 60 < t < 90, the disturbance is in
the rapidly growing stage, and the mean expansion speed of
the main disturbance area seems to show an accelerating trend,
reaching 0.46 times the maximum velocity of Poiseuille basic
flow.
As can be seen from Fig. 3(a), the induced disturbance flow
field is generally anti-symmetrical in the y direction at t ¼ 20.
However, there are exceptions, e.g., the amplitude of distur-
bance velocity at the point (x ¼ 12.8, y ¼ 0.64) is different
from that at the point (x ¼ 12.8, y ¼ 0.64), as shown in the
block diagram in Fig. 3(a).
High-speed fluid (u0 > 0) and low-speed fluid (u0 < 0) are
largely concentrated in the region near y ¼ 1 or y ¼ 1 as the
disturbance moves downstream with time. Most high-speed
fluid sweeps downwards along the wall, while low-speed
fluid deviates from the wall upwards. These characteristics
are similar to the bursting characteristics of coherent structures
in classical turbulence examined by Kline et al. (1967). The
disturbance flow field becomes complex at t ¼ 60 and 90: it islocities for plane z ¼ 0 at different times.
Fig. 5. Streamwise disturbance velocity on different planes.
149Wei-dong Cao et al. / Water Science and Engineering 2015, 8(2): 145e150no longer anti-symmetrical in the y direction, high-intensity
vortices are distributed densely, and high- and low-speed
streaks are distributed in a staggered manner. At t ¼ 90, a
large amount of high-speed fluid (u0 > 0) is concentrated near
the walls at y ¼ ±1. This situation rapidly changes the shear
stress.
Disturbance vortices play a vital role in energy generation
and transportation as well as the formation of the laminar-
turbulent transition. Fig. 4 shows the iso-surfaces with the
disturbance vortex amplitude greater than 1. There are
different scales of disturbance vortices in the flow field, mainly
distributed in the region near the plane y ¼ 1 or y ¼ 1, and
symmetrically distributed with respect to the plane z ¼ 0.
However, the area size, shape, and amplitude of disturbance
vortices near the planes y ¼ 1 and y ¼ 1 are different, due to
different levels of receptivity of the flow field to different
initial disturbances. The distributions of vortices at t ¼ 60 are
focused on the top and bottom walls and the vortex area at the
bottom wall is greater than that at the top wall. When t ¼ 90,
large vortices have reached the central area. The vertical ve-
locity is relatively large at y ¼ 0, as shown in Fig. 3, but the
vortices' amplitude is not large (Fig. 4). Micro-complex flow
structure is mainly concentrated near the wall, and the near-
wall region is the most active area, where the flow insta-
bility, transition, and turbulence occur.
Fig. 5 shows the distribution of streamwise disturbance
velocity on the planes y ¼ 0.1 and y ¼ 0.1. Due to the pe-
riodic boundary conditions in the spanwise direction, the
streamwise disturbance velocity distribution is symmetrical
with respect to z ¼ 0. The streamwise disturbance velocity
generally shows a certain fluctuation in the flow direction, and
the area with positive streamwise disturbance velocity is larger
than the area with negative streamwise disturbance velocity.
The disturbance velocity amplitude changes greatly and there
are many local deformations. The streamwise disturbanceFig. 4. Iso-surfaces with disturbance vortex amplitude greater than
1.0.velocity at x ¼ 29 is a trough on the plane y ¼ 0.1, and the
distances between peaks are not equal. These facts indicate
that Tollmien-Schlichting wave characteristics are nonexistent
here, which is consistent with the direct numerical simulation
results from Singer (1996).
The solid lines in Fig. 6 represent the velocity profile of the
original Poiseuille basic flow. The dashed lines and dotted
lines represent the velocity profiles of the Poiseuille basic flow
added by the local mean value of the streamwise disturbance
velocity. As can be seen from Fig. 6, when t ¼ 60, the three
velocity profiles are similar to one another, and in fact there is
almost no difference between them; when t ¼ 90, the differ-
ence between the three velocity profiles can be easily dis-
cerned. On the one hand, because of the presence of
disturbance velocity, the shear stress closest to the wall
significantly increases. On the other hand, under the conditions
of different initial disturbances at the top and bottom walls in
Poiseuille basic flow, the wall mean velocity profiles all
become plump after a period of evolution. Although the
disturbance is only in its initial stage, the streamwise velocity
profile has a tendency to evolve into the turbulent mean ve-
locity profile. Furthermore, the velocity profile for 25 < x < 40
is plumper than the other two velocity profiles and the average
shear stress near the top and bottom walls for 25 < x < 40 is
greater than that in Poiseuille basic flow.
4. Conclusions
The receptivity of plane Poiseuille flow to local single-
period micro-vibrations with different phases at the top and
bottom walls was investigated with direct numerical simula-
tion. The main conclusions are as follows:
Fig. 6. Profiles of streamwise velocity at different times.
150 Wei-dong Cao et al. / Water Science and Engineering 2015, 8(2): 145e150(1) Although small-amplitude disturbance waves in Pois-
euille flow at Re ¼ 5 000 are attenuated based on linear sta-
bility theory, the disturbance growth mechanism described in
this paper is similar to the bursting characteristics of coherent
structures in classical turbulence.
(2) High- and low-speed streaks, vortices, propagation ve-
locity and other characteristics of the disturbance structures
are similar to the characteristics of turbulent spots and
coherent structures in the turbulent boundary layer.
(3) The flow field of plane Poiseuille flow induced by local
single-period micro-vibrations with different phases at the top
and bottom walls makes the streamwise velocity profilesplump at the top and bottom walls. The streamwise velocity
profiles even show a trend of evolving into a turbulent mean
velocity profile.
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